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The Engineering Experiment Station, University of Illinois

A CONCLUDING REPORT BY K, 3, OLDEAM TO THE U, S. OFFICE
OF NAVAL RESEARCH, DEPARTMENT OF NAVY, OF WORK CARRIZD

QUT BY HIM UNDER CONTRACT ¥6ori-O71(50) - R 356-341
DURING THE PERIOD FERRUARY 1, 1954 THROUGH JUMB 30, 1955.

I. JNTRODUCTORY EEMARKS

The contract was estadlished in July 1953 for the "preparation and
electrochemical study of non-corrodible anodes®., The primary purpose of
these investigations has dbeen the development of conducting materials
that will satisfactorily resist corrosion when used as anodes in various
aqueous solutions, Such sudstances would be potential substitutes for the
noble metals which are extensively employed in electrochemical preparations.

Previous researches a, 2

showed that the phosphides of the transition
metals had considerable promise as non-corrodible ancdes and these compounds
alone have been studied,

The role of the author in the investigations conducted under this

contract has been the evaluation of phosphide samples with respect to

thoir corrosion propertics and the deteruination of the range of con-
ditions, if any, under which each particular phosphide sample shows
corrosion resistance., It was felt to bde worthless to conduct electro-
cheniical studies of phosphides in media in which chemical attack was

suffered, Hsu, Yocom and chncc ) nade experiments on phosphide samples

EAR.

in which the rate of weight loes was determined ia various aqueous selutions,

’




The results of these experiments have been such that, up to the time ot
writing, only two phosphide samples bave warranted electrochenical in-
vestigation,

At times when phosphide electrodes have not been available for cor-
rosion tests, attention has been directed towards related aspects of
electrochemistry. Methods of investigation heve been developed which it
s hoped will throw light on the nechanisms of anodic corrosion and of
electrode reactions in general.

The subject of this report falls naturally into the following .
categories:

Tho "equivalent reaction pair® approach to the study of complex
electrode reaction mechanisms.

Experimental methods for the study of the degree of corrosion of
of phosphide electrodes.

Results obtained from the corrosion studies of phosphide anodes and
d.iscussion of these results.

Theory of "faradaic rectification® and a discussion of possidle

applications of the phenomenon.
Experimental technique for the study of faradsic rectification

and results thercby odtained for a mercury elecctrods.

The material will be presented in the order listed above, but this
should be understood to bave no chronological sigmificance.

O 11, QOMPLEX BLEOTRODE XEAOTIONS

A treatment has deen devised that enables a complex electrode
reaction $0 be reduced $0 & muich simpley "eguivalent veastion pair®,
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provided the reaction mechanism is known or cen be postulated. From the
equivalent reaction pair it is possidle to predict current-voltage

curves and all other properties that depeni on the kinetice of the
electrode reaction, The converse is only partially true: analysis of
experimental results in terms of the treatment will enadble certain
mechanisms to be ruled out of considorations however others will probdadly
be left in dispute, _ .

The mathematical derivatlon of the t?eatﬁent will not be presented
here, since this has been reported in full previm;hr. Moreover, the -
material 1s in publication(u). Bowever, the ¢xample delow, which 1s taken
from the phosphide corrosion discussion of section IV of this report, will
serve to 1llustrate the applic tion and limitrtion of the equivalent re-
action pair method.

The corrosion of a chromium phosphide anode in acid solution occurs

with a stoichiometry which can bé represented dy the overall reaction!

20rP + 15H,0 = Crely + 200, + 308" + 224" (a)

Such an electrode reaction clearly warrants the term "camplex®. Bquation

®
g

(a) cannot poseibly depict the mechanism, for it hes a far greater ' |
molecularity than is feasibdle, |

i

The nunber of mechanisms that may de envisaged to explain the overall

reaction (a) is legion, For exsmple, the following four steps may be
imagined to occur?

g - + -
Or? + 20 = Cr ¢ BP0y ¢ 2 + o (v)
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Fre - + -
or + YE0 = Cro, + BB + 30 (c)

HePO3 + 2Hg0 = PO, + 6H + e (a)

. Cnnnad + -
20:'0. + 28 = CraOn + Hg0

whore reaction (b) is the rate-dcternining step in the sequcnce. Now,

applying the method of the equivalent reaction palr, we may combine re-
.aotious (b) through (3) into (f), a hypothetical reaction pair which has

all the kirctis athridutes of the four reactions above, thue:

) - —— +
OrP ¢ CHa0 - (L4K)e™ = H0r,05~ + PO, + 15H - 52Hs0

+ (THid)e ()

wbere o 1s a symmetry factor or transfer cocfficlent, taking somes value

botween zero and unity.

Alternatively, the mechanistic scheme may be considered to consist of

7 the following four reactions:

CrP + SHO0 = cr(oz),Po.+m¢+ 8o~ (e)
Or(GH)gPOg + 25° = Cr '~ + P03 + 2Hg0 (n)
v 20r T+ THD = CrgGy + 148" + 67 (1)
PG; + Ei0 = PO, 4 2 )

end the corresponding eqrivalent reaction pair $e found to be:

OrP - 68" + 5Hg0 - 8" = Jorey” + PO 4 9B - 20 437 ()

12 (h) is the slew step in the scheme,
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1t will be noted that hydrogen ionas are ebsent from the left hand
side of (f), whereas they are present with the coefficient -6 in (k).
Thie 1s to be interpretcd as meaning thut corrosion (the left to right
direction of reactionc (a), (f£) ard (L)) will be unaffected by pH in case
the scheme (b, ¢, d, ¢) repres:cnts the true course of the corrosion re-
action, tut if schemo (g, 4, 1, 3) 18 correct increasing hydrogen ion con-
ceatretim will have an iphitisivre e¢ffect on corrosion.
The exvr rimenial 1envl“s presended in section IV of this report

show ciearly thoat 1n She range pH C %o oJ 7, the intensity of corrosion

18 indepcodent of Fyirczen ion concentration, Thus scheme (g, h, 1, J)

cannot represcn’ the mechanism. This is not to say that scheme (b, ¢, 4, o)

is correct, for any scheme that results in the absence of protons from
the left hond side of the equivalent reaction pair (and thore are very
nmany that do' iz equally acceptable, Such & conclusion is typical of
most thrt will he given by the equivalent reaction peir approach. While
it will o ten emable certein mechanisms to be rejected and suggest others,
it will rarely give a decisive answer to a problenm,

The above schemes (b, ¢, d, e) and (g, h, {, J) are purely illustrative
and are not to be considercd as serious attompts te explain the mechanisn
of the corrosion of phosphide anodes. Though they are consideradly simplor
than the overall reaction (a), not ono of the reactions (b) through (j)

is simple enough to be a likely primary unit of a mechanistic scheme, Tho

problem of elucidating the mechbanism of a corrosion reaction such as

this 1s an extrcmely difficult one, complioated as it prodabdly is Dy the

) P ”
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presence of one or rore films, The corrosion reaction must also be con-
sidered in the light of its competitive reactions, such as solvent de-

composition or anion discharge.

111, CORROSION EXPLRIMENTS

Two phoephide samples were avallable for el .ctrochemical corrosion
tests: a short plece of nickel phosphide, HigP, wire and a "slug® of
compacted chromium phosphide, CrP. The latter compound is very refractory
and compacts were proparod(”by sintcring the powdered material under argon.

Jour avenues of approach to the determinetion of the degree of cor-
rosion suggest themselves, vis:

(A) The measursnent of the rate of weight loss at a measured
current density.

(B) Measurement of the rate of accumuletion of corrosion products,

(C) Measurcment of the rate of libaration of the nom-corrosion
product (e.g. oxygen), whence the rate of corrosion may be determined by
differonce from the total current passed.

(D) Imdircctly, by the analysis of curreat.voltage curves.

The potentialities of all these methods were studied.

Prelininary experiments shoved that the exposed surface of anodically
poleriged phosphide semples underwent physical disintegration in addition
to electrochemical corrosion., This was manifested by the deposition of a
fine gray powder on the floor of the vessel adjacent to the anode and by
visidle "flaking® of the phosphide surface. It is bDelieved that this
disintegration is caused by the formation of gas Wadbles imside the

P ik A s & oo v -
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surfrce layers of the anode, due to the appreciable porosity of the phosphide
sarvles, This belief is supported by the observation of a higher degree
of disintegration of CrP compared with the H§igP, in line with the greater
porosity of the compacted material. Simple mcasurement of weight loss
could not differcatiate between this disintegration and true corrosion;
(a) was therefore abandoned.

-+
The corrosion of NigP and OrP was found to yield the ions N1 ,

cr.O-,“ and er. analysis of these ions is a comparatively simple
patter and hence approach (B) was employed extensively. The experimental
deteils of the various methods are given Delow. It was tacitly assumed
that the phosphorus content of the anodes was corroded to the +5 state, -
1,0. to the POT- {ion or some similar phosphate anjion.

The third approach, (C), offers a very simple and powerful metbod for
assessing the degree of corrosion. 3By placing in series two cells,
jdentical in all respects oxcept that one has a phosphide anode and the
other an inert electrode of the same arca, & direct estimation of the
extent of corrosion is obtained by comparison of the oxygen volumes
lidernted at each anode. This method was used extensively for Ni,P
anodes but could not be suocessfully smployed for the OrP compacts, for
the following reason. The method nscessitates the pessege of a considerabdble
quantity of eleotricity in order that the gas volumes may be accurately
compared, However, as noted adove, the OrFP campacts are very suscep’idle
to ohysical disintegration and this results in a "paste® of loose powder,
gns bubbles and sclution being formed at the anode surface., Under such

conditiens the electrode area is indefinite and is subject te wild

.
:
4



flucturtions. To obviate this undesirabdble effect, it is necessary to
obtain a measure of the degree of corrosion with the least possible pass-
age of clectricity. The (B) approach 4s the most favorable in this
respect.

Results obtained with iron and cobalt phosphides (.2) showed thet
the presence of corrosion was clearly reflected in current.voltage curves
recorded with phosphide microanodes. Eowever, no such correlation was
found in the case of CrP, Method (D) was therefors considered to be un-
reliable and was abandoned.

Below are 1isted, in some detall, the experimental techniques actually

used to provide the data listed in section 1V,

Method ) The cell shown in Fig. 1 was constructed, This consists of

a chamber (of abdout 2 an’ volume) on one vertical wall of which & circuler

face(l ta 1l 1/2 mm, in diameter) of the compact wvas exposed. The opposite

face vas an agar plug which was connected by o sals dridge to a saturated
calomel cathode., The cell was filled with 2,00 mls of the solution under
study, A emall nitrogen bubdbler could be inserted into the solution to
prevent the ingress of atmospheric oxygen., The probe of a small potential-
meesuring calomel clectrode was also inserted into the solution.

Prelininary experiments in a conventional cell showed that the dichromate
lon in deoxygenated solutions of normel sulphuric acid gives a well-defined
diffusion wave at a platinum wire microcathode. The half-wave potential
wes +0.U7 volte ve 5.0.8. ("Buropean' convention) and the diffusion
current (corrected for residual and measured et +0.2 volts) was agcurately

proportiopal to dichromats ion concentmtion,
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A very simple method was thus available for the detcrmination of
the rate of corrosion of CrP in ¥ HgSO¢. A celibrsted platinum wire
electrode ves inserted into the cell shown in Fig. 1 and, during the
course of a corrosion oxperiment, mensurements were made of the
current drawn at +0.2 volts. Unfortunately, the characteristics of the
pletinun wire (in particular the residusl current at +0.2 volts) were
subject to a random veriation of such a magnitude that this method of i

dichromate assay was subsequently abandoned.

Mothod 2 This method employed the cell shown in Fig. 1, After a known ~
'~'. currcnt had been passed for a known longth of time, a single drop of the
solution vas withdrewn and treated with one drop of 1§ ethanolic
diphenylearbaszide (otherwise called diphenylcarbohydraside, Ph,NE.NEH,CO,
RH, ¥H,Ph) (5). This is a well-known spot test for the dichromate 1on(6)
and the mothod was made senmi-quantitative by comparing the color with that

given by a series of solutions with known dichromate fon content, Inter-

nolation enabtled a fairly acourate estimate to be made of the dichromate

concentration,
Metbod 3 The previous spot-test method gives a measure only of the

- Cr(Vl) content of the solution. However, in some cases as noted above,
corrosion also ocours to Cr(III), The degree of corrosion to this state
was estimated in the following manner. A portion ef the solution was
apslysed for Or(V1) in the usual way. A further portion vas yreated vith X
potassium persulphate prior to analysis, By differenss & measure of
the Or(I11) coneentretion wvas oMained,



ey

Method 4 A spot-test method was also applied to the analysis of

solutions subjected to NigP corrosion, but not as a quantitative

procedure., The absence of colour on treatment with the well-known
dinethylglyoxime reagent was taken as indicative of the complete

-+
absence of N1 .,

Method § It has been noted above that in the case of NiyP cast anodes
it was possibdle :to use assay methods based upon the direct comparison

of oxygen volumes liderated at an NigP microanode and in a similar cell
containing an inert metal microanode. When desic solutions were employed,
three such cells were wired in series, equipped with Ni, Pt and Ni P
anodes, JYor other solutions, only two series cells were employed, those

e 2
en,

vith Pt and NiyP anodes. Anode aress were approximately 10
Flg. 2 is a diagram of the type of cell employed. The cell was
sinply a beaker containing the solution through which was bubdled a
slow but continuous stream of oxygen. The floor of the beaker was
covered with a layer of mercury topped dy a layer of an appropriate
mercurous salt (e.g. BgaSO, for NagSO, solution and Hgg0 for KOH). The
anodes were short lengths of wire which were vaxes into the end of the
shorter 1imb of a J-shaped glass tube. Contact was estadlished through
s column of mercury and a durette wvas inverted over the anode and filled
with solution. By assuming that the oxygen current efficiency at Pt
(and ¥1 for alkaline solutions) was 100§, the degree of corrosion vas

readily obtained from the difference in oxygen volumes after electrolysis,
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Mothod 6  Corrosion experiments conducted upon CrP at high current
density produced dichromate ion at 2 concentretion great enough for
classicel methods of analysis, The entire cell contents, following a
corrosive electrolysis, were titrated iodometrically with s sodium
thiosulphate solution wvhich had been previously standardised with a

potassium dichromate solution of known concentration.

Nethod Spectrophotometry of Cry0,  can be quite accurate for con-

centrations as low as ].O"'5 M. A metbod was dcveloped in which the contents

of the cell shown in Fig. 1 were compared with similar solutions of

"~ known dichromate concentration, using a Beckman Model D.U. Spectro=

photameter at 350 millimicrons, the wavelength of maximum absorption.
The above seven methods were all employed to determine the extent

of corrosion of CrP and NigP in various solutions. In addition, some

experiments were performed in an attempt to elucidate the nature of the

corrosive attack. These latter are descridbed {n the next section.

IV. RBSULTS OF CORROBION STUDIES

The degree of corrosion of an anode in a particular experiment
has been expressed as a percentile "corrosion efficlency'. This is
defined as the percentage of the total current passed that is ef-
fective in csusing corrosion. In terma of corrosion products, if
Bicro moles of product accumulate in ¢ seconds, through the passsge
of & current, i, in milliamperes, then:

Corrosion efficiency = 9650—%- 4 where n is the number of
slsatrons associated with the Jideration of oae ion of the corrosicn
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product. Thus for the production of Ii“ ions from the corrosion of

BigP, n = U,5 since the reaction is:

NigP + UH,0 = 2§41 + PO, + 8E + Qe

For corrosion of CrP to dichromate, n = 22, whereas n = § if the

b
corrosion product is Cr . The corresponding reactions are:

2CrP + 15H,0 = Crg0y + 2PO;— + 308" + 220

0:‘!4-1‘3.0-0;“4'1’0:“*'83*4-80"
Table 1 1lists the corrosion efficienclies that have been measured
for both phosphides in a munber of solutions., Also listed are the
potentisls of the anodes (corrected for iR drop) and the nominal
current densities in milliamperes per square centimetre. This last
column can only be considered as a very approximate measure of the true
current density, since many factor. (e.g. the roughness and porosity of
the surface, possibdle film-formation, increate of area due to corrosion
or physical disintegration, decrease of area due to adhesion of dudbdles,
etc.) will cause the effective area to differ from the geometrical area.
Inspection of the data in Table 1 will reveal the following facts:
(1) In all solutions studied, the degree of corrosion of CrP 1s
far too serious for any useful eloctropreparative application., NigP
sanodes are corroded in neutral solution (they suffer severe chemical
attack in acid lolutionle)'). At pH 14, Ni P anodes appear to resist
corrosion perfectly, however this 4is not 1likely to have any practical
utility 4in view of the corrosion resistance of anickel itself under

suoh conditions.




Anode

CrP
OrF
CrP
HigP
RigP
NigF
CrP
CrP
CrP
CrP

NigP

OrP

Solution

0.5 HgS0,

0.5% E 80,

0.5M 50,
M EOR

M KOH

M HC10,

0.5M HaS0,

0.5M CHyCOOH

o.g{cn,coox

0. NagS0,
N XOH

satd. KCl
M XOH
]

Corrosion
Jfficiency

O W F O © o © o o

3 &

5

Method

N ~N WVt NN DN F W £ N = n

Potential
versus
s. c.m.

1.25
1.30
1.33

1.43
1.39
1,43
1,43

1.62
1.“

1.47

0.12

2.4k
0,30
"

¥ominal
Ourrent
Density

3.0

3L

4.3
100
100

w4
3.4

8.7
1.8
100

1.5
5.6

1000

-2
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(41) The degree of corrosion of CrP anodes in solutions of pH
from O to 7 depends mainly on the current density (or the potential,
vhich parallels the current density). The effect of anions and of pH
are secondery. The corrosion efficiency increases with increasing
current density, being about 50f at 100 milliemperes per square centi-
netre. However, even at extremely bigh current densities, bubdles are
evolved and the corrosion efficiency prodably never exceeds adbout 70f.
e corrosion product s CrgOy .

(111) 1In neutral solutions, an anode of NigP resists corrosion
better than one of CrP, However, a critical comparison is hampered by
the different physical states of the two meterials,

(1v) In normal solutions of potassium hydroxide, NigPanodes :.re
uncorroded, but corrosion of CrP occurs to both the +3 and +6 states.
This corrosion is far more severe than in acidic or neutral solutions,
the total corrosion efficiency being about 50f at 10 milliamperes per
square centimetre. It would appear that a differeat corrosion mechanisa
is operative at pH 14 than in the pH range O - 7 and 100§ corrosion
might be expected to occur at current densitiss greater than 100 ma
ex~° in bastc solution,

Table 2 represents an attenpt to correlate the results obtained
by Woodu) with those of the present investigation. The construction of
the tabdle involves consideradle interpolation and the values listed are

of 1ittle worth, exoept in fllustrating iatercsting trends in this
series of phosphides,
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TABLE 2

Corrosion Efficiency at a Current Density of approximately

100 milliamps per square cm,
Aoid solution Neutral solution Basic solution
=0 pE=T7 pE = 14

PeP 20 30 70
OrP 50 50 100
FeogP 30 30 :
CosP 100 100 30 -

Phosphide

¥igP 100 30 0

The phosphides in Table 2 form a natural sequence in the order listed.

The phospbides at the head of the tadle possess good resistance to

uwrodic corrosion in acid solution but poor resistunce in dasic solution;
the converse is true at the foot of the tadle, |
Yot another plece of evidence may be cited, supporting the belief ’

that different corrosion mechanisms are operative in basic and acidic

solutions. Fig. 3 is the potential -p dugmm for chromium (at
103X concentration) compiled from the data given by latimer') The '
increasing stability of the +6 state with inoreasing pH is clearly ;

shown, Yet, in spite of the difference of 1.5% volts in the potential ";g
of the Or(VI)/Cr(11I) couple between pE O and pB 14, corrosion of CrP d: ‘
in acid solution occurs to the +6 stase exclusively vhile the +3 state

is also found ip norwal alkall.
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bome evidence has been collected, dased on corrosion experiments
with OrP in ¥ HeSO4, which strongly suggests the existence of a film at
the electrode surface. At potentials of less than 1,35 volts versus
5.0.E., a OrP anode in normal sulphuric acid suffers no sorrosion
(c.f. Teble 1). Under these conditions the evolution of oxygem occurs
with 100§ current efficiency, occuring with a scmewhat lower over-
potentiel than at smooth platinum. The stirring resulting from the ‘
passage of a atrean of nitrogen hus no effect on the current, which is |
quite steady and reproducidble at a constant potential: similarly Y
<wechanical agitation is without effect. These facts clearly indicate
the absence of concentration polarisation. The couplete absence of
revorsidility was demonstrated by the indevendence of the current upon
the concentration of oxygen in the solution. When the anode was sub-
Jected to & sudden change in its potential, the current was found to
attain its new oquilidrium value slowly. The finmal current was approached
from either bigher or lower values, depending upon the initial and finsl
potentials, but the final current was a unique function of the potential,
being independent of the history of the anode., This behavior would de
expected if a film exists at the anode surface, this film being of

L -

polymolecular thickness and slowly built up on inereasing the potentisl,
In § HeB0, the onset of corrosion of OrP is not marked by any dis-

continuity 4n the current-voltage curve. 7The system behaves as if a

corrosion current becomes added to the existing oxygen current, the latter

being unaffected, With increasing poteutial, doth currents increase
roughly exponsatially, and ave abeut equal in mageitude at the higheet
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current densities that have been studied. At nominal current densities
between about 1.0 and 100 milliamperes per square centimetre, a logarithsic
relation bdctween potential and current 1s obeyed, the valus of the
parameter d in the Tafel equation,

E » g+dlog!

being about 0.3 volt. This value is large compared with the usual over-
voltage values for b of from 0.05 to 0.2 and would be even larger if the
corrosion current were subtracted from the total anodic current. Again,
this e¢ffect may de explained in terms of a film which increasingly covers
a greater fraction of the surface as the potential is increased, thus
making the true current density greater than its nominal value,

V. FARADAIC RECTIFICATION

Many me-tuatm(g'm

have observed rhenomena associated with
the generation of a d.c. potential by the passage of & pure a.c. current
across & solution electrode interface. A theoretioal treatment for the

case of equal concentretions of soluble reductant and oxidant was given
2

by Doss and Agarwal, a2) though tho present author believes their

derivation to be in error (vide infra),

Dose and Agarval (10)

suggested that the name "redoxokinetic effect”
be applied to the phenomenon, because its magnitude is dependent (to some
extent) on the kinetics of the oxidation-reduction reaction. However, it

is felt that "faradaic rectifieation” is a more descriptive tomm which

also emphasises the correlation betveen this effect tnd the phencmenon
appropriately namsd "faradaic adaittanee® by Granane (16),




-l8 -

The charging and discharging of the electrical double layer always

provides one path by which alternating current may flow across a solution

electrode interface. However, if a redox couple is established at the

electrode surface, an additional routo 4s provided by virtue of the
occurence of the electrochemical reaction, The dependence of this
faradaic component of the a.c, current upon the a.c. potential existing
across the interface has been studied by meny authors (1"-*20). The
theorctical treatment below shows that, in addition to this a.c. potential,
a constant d.¢, potential is also gonerated by the flow of faradaic a.c. N

current across the interface, g

Theory

2
Consider an electrode of area A om, across which a pure a.c. current

-1
of frequency w/2 % cycles sec. is flowing, i Yeing the magnitude of the
faradaic component of this current (in amperes) at time t (seconds). By

& conveniont definition of sero time, we may express:

{ = lcosvwt Q)

e e e e e = ¢

vhere I is the amplitude of the a.c. curreant,

The oxidised form, Ox, of a redox couple is present in solution, its
bulk concentration being T moles on."’. The concentration of Ox at any
distance, x (cms,), from the electrode surface is denoted by C and O, 1s
the instantanecus surface conoentration. It will be assumed thet Co
Dy be expresssd by the Fourier seriest
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\ G = 8 |1+ ;_1: /“J“' St ".1-1 )J sin Jut (2)

vhere the A-'s and R 's are undetermined coefficients,

If sufficient supporting electrolyte is present in solution and if
the frequency is high enough to prevent appreciadle convection, diffusion
will be the sole mode of transport. Assuming conditions of semi-infinite

linear diffusion to exist, Fick's second law:

i

t
] } (

|

9¢ wp O ¢
LA v ¥ ?

must govern the tranaport of Ox, where D is the diffusion coefficient of ‘
2 -l
Ox in cm . sec. . A solution of (3) 1is required that will satisfy (2)

and the additional conditions (4) and (5).
C « C forx=oo atall t )

(C)g = (C)¢apn ar),, for all x and integral m (5)

Such a solution is (compare Mnun):

.%.-1 . Z /,,J.zy(:ﬁ) “'(M-J@)
©E e (fF) e (e fE)

P From equution (6) an expression for i may be derived by the epplication

L S
0T o
» -

of Fick's firet law!
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1--501‘1)(%% 'MI‘D'UZ(}AJ*' )J)fg-'ool‘ (W)
-MZ(/U.J- “J)/glinw n

where T represents the faraday and n is the number of electrons transfered
per molecule of Ox reacting. In deriving (7) anodie current has been
" considersd positive. Comparison of (1) and (7) shows that:

pry =0 Ay tor 3 B 2 (8 ~

and?
/,(‘ - A; - I/wa ,TDw (9)

whence (2) becomes:

Co ® (10)

Let P be the potential of the electrode, in the absence of current

flow, measured in volts versus any convenient reference, the sign being

taken in accord with the "European® convention. 1If an a.c. curreant of
faradaic component i, given by (1), is now passed through the electrods,
but flow of 4,c. current is prevented, the potentiul of the electrode

becomes P + \y +Voos Wt +9), Vand © are the anplitude and
- phase angle of the a.c. potential existing across the interface, It is
assuned thas 20 electrode potential oontaians no ceatridution frem
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barmonics (i.e. contains no terms in cos 2(yt, sin 3ug, etc), Striotly,
this is true only in the 1limit as 1 approaches sero, however it is
approximately true for small values of I, S5mell values of I (and hence
of V and \’J ) are assumed henceforth, The d.c. potential L') is caused
by the phenomenon of faradaic rectification and we shall now proceed to
derive an expression for it. It is firet necessary to specify the chemistry
of the redox couple,
The electrode reaction
Ox + ns = Rd (11)

will be treated first for the case in which Rd is at constant activity,
A metal electrode in contact with a solution containing its ions would de

an example of this case. For such a system in equilibrium we can write:

: e 9
0 = §=4-1=nalk exp %S%g—)—n%-nu‘kﬁoxp °;;‘“) (12)

'—-
where 1 .nd? are the individual currents corresponding to the reverse
and forward directions of (11). The gas constant and the absolute
temperature are denoted by R and T and <C 1s the symmetry factor or

transfer coefficient for the electrode reaction, taking some value be-

tween zero and unity, The term k is & rate counstant, being the actual

rate of both reverse and forvard reactions when C = 1, 3 is defined
by 3 ® P . Py, Po being the valus of Pvhen 8 = 1,
'-
Upon application of a.c., 1 m?m 0O longer equal, since now:

‘;-M m(-l‘i-ﬂl [uwu cos Gt «toﬂ)




apd:

? ® nATEC, exp (:ljﬁpq [n + V +V cos (wt + O)] ) L)

where Co i8 given by (10), ¥ow if V is small compared with Rt/n & P, \P

will be still cmaller and the fcllowiug epproximatione will be valid:

o (H1Y) - 2. B2 Y

‘m(ﬁi‘@ﬂ cos (wt+e)) - 1-23%!!“0(“-*0)4

s 8232
2_.‘__1.7_.3“' (st + @)

2p'r*

s 14 n'h:';:.v. - L‘R‘T" cos 6 cosot ¢ %—ﬂ sin 9 siniyt (16)
and similar approximations with (1 - & ) replacing (- & ). The final
step in approximation (16) is made by neglecting the harmonic term in
cos (2ut + 20), The worst error introduced by these approximations is
_ sbout 2,5 12 V  RT/2a & P, whick is V.§ 12 nilli-volts at 25°C for
T a & = 1, If these approximations are inserted into (13) and (14),

& eliminated by means of (12), small or haruonic terms neglected and

finally (M) subtracted frem (13), the following results:




« -

Since § - 1 = 1, equations (1) and (17) must yleld identical
expressions for the value of the instantansous faradaic current. Hence,
equating the coefficient of sin;:¢t in (17) to sero and that of cos wt to

1, ve odtain:
cos 6= -u + 23) us)
ands
vV « IR _____ (1+zn+an')'3 a9)
2%AP*e /D ?
vhere?

.n - -E_&/-;;- (20)

The time-independent term on the right band side of (17) must equal
sero (this corresponds to the restriction that no d.c. current is allowed
to flov), From this condition, by mesns of (18) and (19), the following
expression for \y is derived:

y--E(e- ) @

D
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\{) . -gg: a2- &) : (e2)

\,V- - i | (23)

Por intermediate values of k, \v is a syumetrical sigmoid function of
log E as depicted in Pig, 4, the point of inflection being at E =1/ /2.

If (11) represents a redox couple both components of which are in
solution, having equal bulk concentretions, G, them 1t bas been shown by
Randles 3T) that the surface concentratioss of Ox and M obey the
relationship:

(Cogy + (Colyy = 20 22Dy = Dy, (24)

With this additional relationship, a derivation may be carried out which
is strictly anmalogous to the one given adove., The results are as follows:

cot 0 = (1 +20) (2%)

21IRT

2’A7"0 /F'w

. L=t (L Ll )

Y e (1 +ar+ 2% (26)
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The expression (27) differs from the result obtained by Doss and unrnl(m)

for the same problem. The present author believes that the approximations

that vere made in their derivation were too drestic. Ths expression for
\{) takes & simpler form than (27) in terms of the asplitude of the

feradaic current, thus: »

g - gumen(/E e} )

uivalent Circuit

The properties of an electrode surface with respect to faradaic a.c.
cannot be depicted in terms of & circuit consisting of resistors and con-
densers, unless peculiar frequency-dereniences are ascridbed to these components.
However, the properties of a "Warburg izpedance", iatroduced by Grchmus)
are very useful in this respect. The properties of this circuit element

are such that its impedance is inversely proportional to the square root

IR Ll By SebacdD 2 L

of the frequency of the a.c. current. This ourreat leads the voltage %y
s constant angle of /I /U redians,

1¢ the current 4 = I cos wt is passed through the series combination
of a resistor and & Varburg impedance, the potential scross the pair is
readily shown %0 be?

B . s £ ik

A




[T

LY

v (14..5!5-, + t})‘l. 008 ('t - arcoot (1 *?/i'/' (30)

vhere r and ¥/ ty O&re the impedances of the individual element. Comparison
of (30) with equations (18) - (21), shows that the faradaic properties of
the solution electrode interface are accurately represented by the

circuit shown in Figure 5, vhere the —W- symbol represents the Warburg
impedance é) and the battery symbol represents a source of d.c. potential

in the sense shown, ut a short-circuit as far as a.c. is concerned. The

magnitudes of the componsnts of the equivaleat cirouit are: "

Y. RT (31)
F N7 o /—D‘w
r = RY !
n.u'k(-c'; -€ (32) '3

re Y. ,-g:u/z-iﬂ:%)mua-gﬁ (33)

1+ 3+

The elements in Fig. 5 are drawn at angles such that the diagram also
represents a voltage vector dlagranm,

The elements connected by dashed lines in Fig, 5 represent an
slternastive method, due to hnd.luun. of representing the properties

of the Warburg impedance. In Randles! notatien:
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N -re Wf2. = 1,0, (%)

Nxpressions for R, and C, may be readily derived from (31), (32) and (34)%
they will be found to differ by factors otﬂ {rom the expressions
dsduced by Eillson (15) for the same problem. In the present author's
opinion, Hillson's derivation is in error by this factor. Similar treat-
nent of equations (25), (26) and (28), for the ocsse of equal concentrations
of Ox and R4, yields expressions for R, and Cy identicsl with thoss of
mndies 7).

In the construction of the complete equivalent circuit of the cell,
account must be taken of the doudle layer capacity, Cy, which introduces
a reactance in parallel with the faradaic impedance of the interface, and
of the necessary presence in the cell of a second electrode. If this
second electrode is of the same material as the first, ite interface
will have a similar equivalent circuit to that shown in Fig. 5. The o
electrodes are linked by a pure resistance, R, the obmic resistance of
the intervening solution, and hence the entire cell is electrioally
analogous to the circuit which is devicted vectorially im Figure 6,

If the area of the second electrode is made very much larger than
that of the first, equations (31) and (32) show that the farsdaic ispedance
will assuze & negligidly small value. 7The non-farsdaic reactance is also
inversely proportional to electrode area, 8o that for the large electrode,
WMWepls 1/0& s 0, and vhess circuit elements may be ignored. Equation
(21) sbove thet V' 18 Dot an explicit function of the ares of the second

TN s
= - N - /



electrode. FHowever, y ' 1is proportions)l to the square of ¥!, the

a.0. potential developed across the interface, and this latter will tend
to sero as the area of the second electrode is increased., Thus, for a
cell containing similar electrodes of very different areas, the equivaleat
eircuit reduces to that shown in Tigure 7, the d,c. potentials P + ql

and P (in the opposite sense) having been combined into a single,

measursble element, \‘) .

ARElications
As has been demonstrated above, the d.c. potential, \V ) 18
proportional to the square of the a.c. potential, V, produced across the
interface. The constant of proportionslity is a function of known
constants (R, D, etc.), known variables (., ?J. etc.) and certain, often
uoknown, parameters ( £ , k, n) of the system, Henos, experimental
measurement of \P as a function of Y* provides a method for the
dsteraination of these parameters.
The potentialities of the method are most clearly demonstrated by J
Pig. 4. (This figure applies only, of courss, to the reaction considered
first, 1.e. the n electron discharge of a soluble molecule of Ox to a
species M at constant activity. However, similar diagrams mey be o
readily comstructed for any other type of electrochemical reaction). \
Bxveripental variation of such factors as frequengy, concentrstion and
teaperature will vary H and so extensive regions of the curve in Pig. 4

vay be detersinable; ia fortunate circumstances, the whole ourve might be
recorded.
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The upper limit of \.) (corresponding to large T and large v, but
saall k - right hand side of Fig. 4), is seen to be very sensitively

dependent on the magnitude of { and hence the imvestigation of this
region offers an excellent method for the evaluation of the symmetry

factor of the electrode reaction. This fact was first realized by Doss
12 ‘
and Acarvsl( ), vho used experimental data on the l‘.“. y M (equimolar) /

Pt electrode to calculate the symmotry factor (transfer coefficienmt) of
the cxchange reaction.

However, it is felt that their data are in error

becruce of failure to take account of the a.c, potential developed

across the solution resistance, x.. which must be subtracted, vectorially,

from the a.c. cell potential, to obtain the true interfacial potenmtial, V.

Trom the inflection point of the rising portion of the graph of

V/V' versus the logarithm of frequency (at comstant concentration), or

in some similar fashion, it is possibvle to determine k, the rate constant

of the clectrode reaction. This parameter is also caloculadle from

mcesurements of the faradaic impedance of the electrode (15-19) and tho.

greater inherent accuracy of the bridge techniques used in such investi-

zations will be reflccted. in a more precise evaluatioa of k thap vy
noasuroment of the degreoe of faradaic rectification, However, the latter

method offers a unique advantage over the classioal method whea applied to

s0lid clectrodes. ihereas the calculation of k from impedance data re-

quires a knowledge of the clectrode ssea(i7e38). oqmatien (21) shows that
Y /v s sntependent of A.
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7ig. 4 shows that measuremsnt at the lower limit of v will
enable n to be obtained, Though this quantity is rarely ia dcudt (for

such & simple reaction as (11)), its sccurate evaluation will provide
confidence in the method,

Tor complex electrode reactions, study of faradalc rectification
pay assist in the determination of the reaction meéhanien. Thus if a

complex reaction is representadle by the equivalent reaction pnir(S):
m Ox *nﬁe" = pRM - m(l.f)e (35)

where £ 1s not mecessarily a symmetry factor. For such a reaction, it
may be shown that:

e A UNE R

where!
K ./—gi !u:: D) o0

(c.f. equations (21) and (20), to which (36) and (37) reduce when

‘n=1eand ﬂ = & .). It vill bo sean thet study of the degree of

faradaic rectification offers & method for the evaluation of m and ﬂ '

vhich may greatly assist in the estadlishment of the reaction aechaniu(s).
Hitherto it has beon assumed that the flow of d.c. current is prevented,

e.8. Uy the presence of a dlocking condenser, OCurrent will flow if this

is not the case and the direction of curreant flow will be in accord with

the sign of \‘P A @azce at Fig. U vill show that LY/ 46 ueually
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negative; that is to say that if two electrodes, of copper for example,
are immersed in a solution containing copper ions and connected by a
wire in which an a.c. is induced, the smaller electrode will tend to
assume a slight negative charge with respect to the larger. Current
will flow, accompanied by a deposition of copper at the large electrods at
the expense of the small, A comparadle situation would arise if a
massive piece of copper was totally iumersed in the solution, ia the
presence of an a,c. field, the large and small electrodes resulting from
different grain siges at the metal surface. Iven though no net dis-
solution of copper would occur, a pitting and roughening of the surface
would be expected. It is interecoting to speculate on whether such an
effect contributes any responsidility for the agravation of metallic
decay in the vicinity of a.c. isstallations that has often bLeen observed

by corrosion engineers.

V1. RICTIFICATION EXPERDENTS
The limitation to the accurate dstermination of \l) /Y. 1s imposed,
not by the measurement of \V vhich is a comparatively simple matter, dut
by the difficulty in determining Y . This is partly because of the
exponent, dut mainly because V cannot be measured directly. V is defined
as the amplitude of the a.c. potential existing across the interface, i.e.
across the triangular network in Fig. 7. An a.c. millivoltmeter may be
emvloyed to measure V;, the total fotentia.l across the cell, tut this
contains a contribution V, from the pussage of the a.c. current through
Ry, and the vectorial subtraction cannot be cerried out without a
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knowledge of the phase angle between ¥V, and ¥, Instead of messuring

this phase angle, an alternative procedure was adopted which is il-
lustrated dy Figure 8, a semi-veotorial dlagram of the essential circuitry
of the experimantal apparatus. A resistor, R, is placed in series with
She cell and its magnitude is sdjusted to be exastly equal to R,. The
measurable potential, Vg, across R is thus equal in both magnitude and
phase to 7.. The total potential 4drop, Vs, across the series combination
of R and the cell is also determined., It will be seen from Fig. 8§ that
the vectors ¥y and V3 fora the adjucent sides of a rhomboid, of which V
and Vg are the diagonmals, (Geometrical considerations relate the lengths

of the sides and dilagovals of a rhomboid in such a manner that:

L J ] 9
V = 2V, + Ng - T, (38)

8
This relationship was used to meesure V.,

Equation (38) shows that the determination of v' 1s the more accurate,
the smaller the value of R,. This consideration vas paramount in dictating
the design of the apparatus shown in Figure 9, and the choice of supporting
electrolyte. The cell employs mercury slectrodes, the large electrode
being simply a pool on the floor of the cell. The small electrode, a
slightly flattened hezmisphere of mercury, of a fev -.. area, "balanced"
on the end of the S-shaped siphon tube. This electrode is established
by edding mercury dropwise at 3 (Fig. 9), until the mercury just fails to
overflow, With practice, it is possible to reproduce the area of the
small electrode to give an uncertainty of about 0.1 ohm in 3.0 obme
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(a typical value for n.)s this reproducibility s not, however, required,
since the resistance R was always adjusted to the new valus of l. after
reforming the surface of the small electrode,

The sinusoidal signal used in the measurement of faredaic rectifi-
cation is produced by the audio-frequency oscillator 01 (Fig. 9), a
“Low Distortion Oscillator", manufactured dy General Radio Co.(Type 13014),
This precision oscillator generates any one of 27 standard frequencies
from 20 c/s. to 15 kecfs,, of continuously variadble voltage., The isolation
transformer 02 was a "Lov Harmonics Trensformer® (Iype 5788 of General
Radio Co.), serving also as a UX step-up transformer. The condenser Cl
(Cornell-Dubilier decade capacitor unit, usually set at 1.0 microfarad)
serves to prevent the flow of d.c. current, while the choke I (8 henry,

lov resistance a.f. choke) prevents the a.c. signal from being shorted

by the potentiometer used to measurs \P o The parallel metwork of Rl

and B2 (both noninductively wound precision deoads resistors) comstitutes

R, the resistor that is set equal to Ry, the solution resistanse of the
osll, The measurenent of R, involves the use of the suxiliary r. £.
oscillator, 02 (Heathkit, model AG-S), & sine vave generator of continuously
variable frequency. The total impedance of tho cell was messured by
switching in 02, via the r.f. 1solation transformer 72, and adjusting R
until ¥V, and Vs are equal; the impedance is then equal to R. This measure-
meat vas made at 40 ko/s and at 56.6 ko/s and extrepolated to infinite
frequency by means of the relationship (sxmct for » resieter aad

capacitor in series):
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2(B)gg g~ Dy ® B = By 09

The resistors Rl and R2 were then adjusted such that their harmonic mean

was equal to the value of R, calculated by (39). When switch 52 hed

been opened, the apparatus was completely sdjusted for the measurement of
\p v,

To avold the use of three a.c. metars as shown in Jig, 8, a four-dank,
four position switch §) was used in conjunction with a single a.c. '
millivoltmeter, M (Heathkit, model AV-.2), This meter has a sensitivity of f- -
10 millivolts r.m.s., for full scale deflection, together with several less (
sensitive scales. It was found to have a flat frequency response over the
range of operation of Ol and was calidrated to read directly in square
millivolte of amplitude. 7The first three positions of the switch 51
enmable the terms V:. V: and V: to be measured; the fourth commons the
seroury electrodes, enabling their common potential to be measured versus
the reforence electrods, REF. A ocathode ray oscilloscope (Dumont model

3OUE) was permanently comnected in series with N, enabling the a.c. signals
to be monitored visually, to give assuransce that the sigmals were undistorted.
In the first three positions of switch 81, the mercury eleetrodes are
connocted through I to the potentiometer, POT., enadling the potontial

\\) to be measured. This potentiometer was constructed on the Poggendorff “
principle, baving a total range of + 15 millivolts. The slide-wire drus ]
could be readily adjusted to one microvolt, but the accuracy vas limited dy f
tho galvanometer (Rubicon, mirror-in-box typs) which has & voltage sensie .

tivity of 13 microvolts/aillimeter.
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Table 3 shows the resuits of 31 experiments with the appontui.
omploying & 1,0 millimolar (T = 10"'6) of mercurous iom, 8‘:" in

5.0 M perchloric acid at 25°C. These results cover a wide range of

frequencies and a.c. potentials, Ixcepting the results obtained under
the most extreme conditions (there are diverse reasons for the belief

that erroneous values of \,V will be obtained if eitheruror ¥V is too

large or too small), all the observed values of URT V/ﬂ lie between

~1.7 and -2.1, with most lying within 0,08 of the mean value, -1.35. There

s
is no trend vith frequency of the term URT V/I'V , sbowing that in the

range of experimental conditions, equation (21) for \.v always assumes
one its limiting, frequency-independent forms (22) or (23). TFrom the
magnitude of the effect, it is clear that it is equation (23) that is
operative and that the experimental velus of LRT l}'/rv.. -1.85, is an
approximation to the true value of -n, 2,0, Nany causes for this T
discrepency may be surmiscd, but the operative cause is unknown, The small,
unexpected positive trend in \})7’2 vith incrcasing ¥ sbown in table 3 for
the results at 75 c/s, appears to be & real offect, though it remains un-
explained. However, within the most useful renge of ¥V, between U and 10
rillivolts, the trend is not apparent,

The results in table 3 refer to the lower limit shown 4an Pig, 4, It
wonld appear that log HC -2, from which the approximate lower limit
k D 0.05 may be calculated. Attempts verc msde to increase H and 8o
obtain points on the rising portion of Pig. 4, both by increasing T
and by decreasing k (by lowering tho tomperaturc and dy the addition of
gelatinun): these were unsuccossful,
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